Introduction
-crystallin is a predominant protein present in the eye lens and comprises up to 40% of the total lens proteins. [1] [2] It is made up of two subunits; αA and αB, present in a molar ratio of 3:1 in most mammalian species [3] [4] with a sequence homology of 57% between the two subunits. 4 While A-crystallin is lens specific with trace amounts found in other tissues such as spleen and thymus, 5 B-crystallin is more ubiquitous and abundant in many tissues. [6] [7] [8] [9] -crystallin exist as a polydisperse aggregate with an average molecular mass of 800kDa 4 and help in maintaining the refractive index of the eye lens. 1, 10 Apart from the lenticular function, -crystallin belongs to the family of small heat shock proteins 4, 11 and functions as a molecular chaperone. [12] [13] During aging, -crystallin undergoes modifications to form highly cross-linked larger aggregates. 4, 14 -crystallin is implicated in large spectrum of retinal diseases including cataract, diabetes retinopathy and uveitis and has been shown to be present in higher levels in various neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease and CreutzfeldtJacob disease. [15] [16] [17] [18] [19] While there is some degree of clarity on the function of α-crystallin in the lens 20 , its role in the other ocular and non-ocular tissues is unclear. Apart from the chaperonelike activity, both αA-crystallin and αB-crystallin have also been shown to display anti-apoptotic behaviour. [21] [22] [23] For the molecular chaperone-like activity, the surface hydrophobic sites in the α-crystallin are involved in the binding of α-crystallin to target proteins, which increases with temperature, such that a direct correlation of hydrophobicity with the chaperone-like activity has been reported. [24] [25] [26] [27] Far UV studies and labeling with environment sensitive fluorescent dyes such as 4,4'-Dianilino-1,1'-binaphthyl-5,5'-disulfonic acid dipotassium salt (bis-ANS) revealed that αB-crystallin has a greater content of helices and is more hydrophobic than αA-crystallin. [28] [29] It has been reported that residues 50-54 and 79-99 in αA-crystallin and residues 75-103 in αB-crystallin are involved in binding to bis-ANS. [30] [31] [32] Further, both αA-and αB-subunits in α-crystallin interact with bis-ANS in 1:1 stoichiometry at 37°C such that the binding of bis-ANS to α-crystallin diminishes its chaperone-like activity. [33] [34] Chaperone-like activity of α-crystallin is also susceptible to modulation by small molecules such as adenosine triphosphate (ATP), glutathione, SDS and cationic bivalent metals like Zn 2+ and Cu 2+ . [35] [36] [37] [38] [39] Physiological ATP concentration in the eye lens is reported to be around 6 mM. 40 Equilibrium binding, intrinsic tryptophan fluorescence D r a f t 4 and P 31 NMR spectroscopy studies have revealed the interaction of ATP with α-crystallin leading to subsequent conformational changes [41] [42] Previous study from our group has shown that ATP plays a crucial role in the association of α-crystallin with substrate proteins. 35 Presence of ATP at 3 mM concentration stabilized α-crystallin by 4.5 kJ /mol and enhanced its chaperone function.
ATP hydrolysis is not required for all these effects, since all the effects are also observed with non-hydrolysable ATPγS. However the exact site where ATP binds to α-crystallin is not known.
Two charged clusters in the α-crystallin domain namely Lys82, H83, Lys90, Lys92 and Arg116, His119, Arg120, Lys121, Arg123 are proposed as possible ATP binding sites in αB-crystallin. 43 The charged clusters are surrounded by hydrophobic residues. ATP binding could neutralize these and pull them inside the globular structure; as a result some of the hydrophobic residues would reorient and become exposed to surface which could then initiate the association with the substrate.
In order to unravel the structural and functional role of α-crystallin vis-à-vis chaperone-like activity, it is important to study the chemistry of interaction with molecules that alter this behavior. Surface plasmon resonance (SPR) is a popular optical technique to study molecular interactions such that out of the two interacting molecules under study, one is mobile while the other is fixed on a thin gold film. [44] [45] After a polarized light impinges upon the film, the angle of extinction of light after reflection is altered and monitored as a change in position of the detector for the dip in reflected intensity due to the surface plasmon resonance phenomenon. SPR has previously been used for binding studies of crystallins from the human lens 46 .
Here, we employ SPR to investigate the binding of bis-ANS and ATP with immobilized oligomeric recombinant human αA-crystallin and follow the kinetics in real time. We measure at three different temperatures and analyse the thermodynamic parameters that arise due to specific interaction of bis-ANS and ATP with αA-crystallin oligomers. Our results indicate that both bis-ANS and ATP bind to the oligomeric αA-crystallin with fast interaction kinetics but with differential affinities. D r a f t
Experimental Materials
The buffering and protein purification reagents for column chromatography were of high purity and obtained from Sigma Aldrich, USA. ATP was obtained from Sigma Aldrich and bis-ANS from Molecular Probes, Germany. SPR reagents were purchased from GE.
Over-expression and purification of recombinant human αA-crystallin
Human αA-crystallin gene containing plasmid was obtained as a gift from W. W de Jong (Catholic University of Nijmegen, Netherlands). Methods of expression of these proteins were described previously. [47] [48] Briefly, the gene was over expressed in E. coli BL21 cells with IPTG induction for 3 hours in 37 0 C. The harvested cells were treated by a freeze-thaw cycle and then lysed with lysozyme. The recombinant proteins were purified by a combination of DEAE cellulose ion-exchange and Sephacryl 300 gel filtration chromatography and finally stored in phosphate buffer pH 7.4 after dialysis.
Surface plasmon resonance for studying protein interaction
SPR experiments were performed using Biacore X 100 instrument. αA-crystallin in 10 mM sodium acetate buffer at pH 4. 
Binding of bis-ANS and ATP with immobilized oligomeric αA-crystallin at three different temperatures
Running buffer 50 mM Tris and 100 mM NaCl (pH 7.0) was used during the analyte binding interactions. The flow rate was 30 ml/min to minimize the mass transfer effect. We have used a concentration range from 5 µM to 150 µM of bis-ANS prepared in HBS EP buffer from a methanolic stock of 6.32 mM. In case of ATP, concentration ranged from 1mM to 10mM. Both the bis-ANS and ATP were injected during the 60 sec association phase and the chip surface was exposed to running buffer for 60 sec dissociation phase. The chip surface was regenerated by using glycine HCl at pH 2.5. Data from a control cell (blank immobilized) were subtracted from the raw data. A running buffer injection using the same experimental conditions was always applied and used as baseline data. 49 We carried the SPR measurements at 22, 25 and 27ºC in case of bis-ANS and 25, 30 and 37 ºC for ATP binding studies with α-crystallin. We used two different temperature ranges due to our observation that bis-ANS interaction with oligomeric α-crystallin at higher temperatures resulted in highly fluctuating and noisy data, the reason for which is not known to us. We have earlier observed that bis-ANS and ATP binds to oligomeric αA-crystallin indicating that the binding sites are accessible in the oligomers. 33 Interestingly, under physiological conditions, αA-crystallin is oligomeric, and monomerizes only under denaturing conditions. 33 Our present study involves the interaction of physiological oligomeric αA-crystallin with bis-ANS and ATP. We have demonstrated that properly assayed SPR experiments generate affinity data in excellent agreement with solution based data.
Results and Discussion
We have studied the interaction of small molecules like bis-ANS and ATP with the recombinant preparation of oligomeric αA-crystallin by SPR technique. SPR is one of the most useful methods for measuring the non-covalent interactions of small amount of protein molecules and also for studying the kinetics and affinity of molecular interactions. 50-52 Thermodynamic parameters have also been assessed from the experiments performed at different temperatures. 
Binding of bis-ANS at different temperatures
Bis-ANS has been widely used for protein hydrophobicity measurements using fluorescence technique. 53 The method has also been used for studying the exposure of surface hydrophobic residues of α-crystallin under various conditions. 31, 54 The results of such experiments were primarily used to obtain information about conformational changes but very little attention was given to determine the thermodynamic parameters of such interaction. Our objective is to compare the affinities of such interactions of small molecules and ions with α-crystallin and also compare the thermodynamics of such interaction. In SPR the interactions were monitored in real time at neutral pH and at three different temperatures. Experiments have been carried out in which bis-ANS of various concentrations ranging from 5 µM to 150 µM were passed over the αA-crystallin immobilized in the sensor chip. Fig. 2A, 3A and 4A shows a typical series of sensorgrams for the binding of bis-ANS to αA at 22 0 C and 25 0 C and 27 0 C respectively at pH 7.
The values in the y-axis were corrected for the change in RU observed on the adjacent blank immobilized surface of the same chip. It is seen that from the time of injection of bis-ANS the RU values at all concentrations rises sharply and quickly reach a plate. In Fig. 2B, 3B and 4B we plotted these plateau values against concentration of bis-ANS to αA at 22 0 C and 25 0 C and 27 0 C respectively at pH 7. Equilibrium constant for the dissociation of the αA-crystallin-bis-ANS complex is related to the bis-ANS concentration dependent RU by the following equation 
Where R is the gas constant, T is the absolute temperature. From the ΔG o at two temperatures T 1 and T 2 , the enthalpy changes at the average temperature of (T 1 + T 2 )/2 was calculated as ………Eq. 4 Fig. 5A shows the plot between free energy and temperature; Fig. 5B shows the plot between enthalpy and temperature and Fig. 5C shows the plot between entropy and temperature.
The calculated values of various thermodynamic parameters are shown in (Fig. 5A) . The process changed from endothermic at 22 o C to exothermic at 27 o C as ΔH o changed sign (Fig. 5B) . The standard entropy change also changed from positive at 22 o C to negative at 27 o C (Fig. 5C) .
This shows that the binding is enthalpy controlled. The large contributions from both enthalpy and entropy change indicates that both hydrophobic and ionic interactions are involved in the binding of bis-ANS to oligomeric αA-crystallin. The plot of ΔH o versus TΔS o is linear (Fig. 5C) indicating enthalpy entropy compensation in the bis-ANS interaction with αA-crystallin.
Binding ATP at different temperatures
ATP has been shown to bind to αA-crystallin as a result of which there are subtle conformational changes in the chaperone and the chaperone-like function of αA-crystallin is also enhanced. 47, 55 Although the effects of ATP binding to αA-crystallin have been well documented, not much is known about the binding constant and other interaction parameters. We have studied the ATP binding to immobilized αA-crystallin to CM5 chip at different temperatures. A typical SPR sensorgram of ATP binding at two different concentrations of 1 and 10 mM ATP is shown in (Fig. S1 A & B) . Sensorgrams of the ATP binding at Plots of these thermodynamic parameters free energy (ΔG o ), enthalpy (ΔH o ) and entropy (ΔS o ) against temperature is shown in Fig. 8A, 8B and 8C respectively. The thermodynamic parameters for the ATP-αA-crystallin interaction are given in Table 2 . It is found that free energy change varies from 10.6 kJ/mol to -7.1 kJ/mol when the temperature varies from 25 o C to 37 o C (Fig. 8A) . However interestingly as the temperature increases above 30 o C, the enthalpy change and entropy change goes from negative to positive ( Fig. 8B and 8C ). Thus at 30 o C, the free energy change is controlled by enthalpy while at 37 o C it is controlled by entropy.
It may be mentioned here that a critical behaviour on the effect of ATP on substrate binding to α-crystallin above and below 37 o C was reported earlier. 47 It was found that interaction of ATP with α-crystallin below 30 o C resulted in very low substrate binding while that above 37 o C was significant. The increase of standard entropy change is consistent with the increase in conformational disorder reflected by exposure of hydrophobic patches on the α-crystallin surface at 37 o C. 47 It is interesting to note that αA-and αB-crystallin binds to Zn 2+ with dissociation constants K d of 0.38 mM and 0.20 mM respectively. 56 The binding of Cu 2+ to αA-and αB-crystallin has a K d of 0.38 and 0.26 mM respectively. 57 These values correspond to roughly 20-21 kJ/mol of free energy change. These values are similar in magnitude to the free energy change observed by us when bis-ANS binds to αA-crystallin but about 2-3 times higher than the free energy change due to ATP binding.
Conclusion
The purpose of studying the interaction of two key molecules, bis-ANS and ATP, with 
